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Abstract: This paper examines recycling of end-of-life products in developing
countries to determine the most reasonable collection policy in order to
increase profits. The process of self-recycling by original manufacturers is
examined using simulations. The simulations were based on three different
investment percentages for collection versus refurbishment/remanufacture for
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end-of-life products. Results offered here can help decision makers understand
trade-offs they face as they decide how to best process returned products
(refurbish, remanufacture, or recycle). Simulations of the various collection
policies for end-of-life products suggest that original manufacturers in
developing countries experience better profit results from collection policies
that favour developing refurbishment and remanufacturing capabilities over
collection. Furthermore, eco-design bolsters profitability and efficiency of
self-recycling systems under all conditions, whereas supplier partnership for
environmental design only improves outcomes when the original manufacturer
invests in its refurbishment and remanufacturing capabilities.
Keywords: simulation; recycle; end-of-life; remanufacture; system dynamics
modelling.
Reference to this paper should be made as follows: Reyes, P.M., Man, J.,
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end-of-life electronics in developing countries’, Int. J. Integrated Supply
Management, Vol. X, No. Y, pp.xxx–xxx.
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1

Introduction

In increasingly hyper-competitive global markets, firms must evaluate every opportunity
to improve their competitive position. Decisions regarding how to handle returned
products at the end of their expected lifecycle have too often been viewed primarily
through the lens of how to minimise the cost of disposal (Östlin et al., 2009; Aras et al.,
2004; van der Laan and Salomon, 1997). The global marketplace places even greater
pressures on firms in developing countries that may be at a competitive disadvantage to
their international peers. Recycling technologies utilised in developing countries are
frequently inefficient. In developed countries, end-of-life electronics can be collected and
shipped more efficiently due to advanced collection and recovery techniques. However,
in developing countries, used electronics must be processed and disposed of locally.
Therefore, a green supply chain management (G-SCM) practice in developing countries
would differ from that of developed countries, especially for end-of-life electronics.
Past research has analytically demonstrated that collecting a percent of used products
from the end customers increases overall profitability and lead times for manufacturers in
a supply chain, especially when firms cooperate to develop reverse logistics processes
(Fernando and Tew, 2016; Modak et al., 2016). Empirical evidence summarised in a
literature review of the purchasing and supply management literature support the
analytical findings regarding the performance benefits of coordinating purchasing
strategies with the supplier base (Hochrein et al., 2017). Coordination goes beyond
having advanced information technology systems to enable real time information sharing
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– indeed, companies with best-in-class IT that fail to match it with best-in-class business
processes actually make less profit and exhibit lower supply chain performance compared
to peers who carefully match business processes to technology platforms (Hofmann and
Reiner, 2006).
The case of mismatched IT and business processes is especially acute in developing
countries where technology is less evenly distributed and business process maturity can
vary greatly. Additionally, in developing countries such as China the importance of
G-SCM pressures are ranked differently from developed countries. For example, in China
central governmental environmental regulations, regional environmental regulations,
potential liability and cost for disposal of hazardous materials are the main factors that
encourage manufacturers to collect and reuse used products. Most important of all, in
developing countries, manufacturers pay more attention to the negative economic
performance of G-SCM, such as increased investment in operational costs, training costs,
and costs of purchasing environmentally friendly materials (Zhu et al., 2005). Past
research has found that the application of life cycle analysis and closed-loop supply
chains reduces the overall supply chain cost, in part by making raw materials more
plentiful and more available to manufacturing, thereby reducing their costs (Borjian et al.,
2019). To date, little research has investigated the design of end-of-life supply chains in
the context of developing countries. This paper provides implementation insights in
response to past empirical research into G-SCM in a developing nation that called for
“...supporting development of a more proactive stance on environmentally oriented
organizational practices” [Zhu et al., (2013), p.112].
Of particular interest for this paper is the self-recycle system for electronics, where
the manufacturer collects, refurbishes, and remanufactures their own products based on
the potential increase in profit resulting from improved eco-design, customer satisfaction,
and supplier relationship management. The recycle system for end-of-life electronics can
be divided into two systems called social-recycle and self-recycle. The social-recycle
system allows for some common disposal of products by end users and output of
common raw materials by either government or non-profit organisations. Emphasis is
placed on increasing resource efficiency and lowering environmental risk. Recyclers’
knowledge about used products is generally less than that of the original manufacturers,
who produced the products and can dispose of their products while making better reuse
decisions of components. Furthermore, third-party logistics systems are frequently not
well established in developing countries.
The self-recycle system is operated by the original manufacturers using specialised
technologies for refurbishment and remanufacture focusing on the reuse of used products
or used parts and materials. Collecting end-of-life products can be rather costly for the
original manufacturers facing pressures to increase profits and market share. Past
research has found that higher levels of environment commitment leads to improved
reverse logistics effectiveness for repair, refurbishing, and remanufacturing, resulting in
reduced scrap and improved delivery time, value recovery lead time, capacity utilisation,
and product quality (Fernando and Tew, 2016).
Some research has shown that manufacturers in developing countries do not benefit in
economic terms from environmental and G-SCM practices (Bowen et al., 2001; Zhu
et al., 2013). This may be in part because developing nations like China depend on
informal e-waste recyclers to engage with customers for collecting products and thus
their self-recycle practices are underdeveloped (Yu et al., 2010; Chi et al., 2011; Zhu
et al., 2013). A meta-analysis of G-SCM in Asian emerging economies found that
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G-SCM practices demonstrate positive economic impact, yet this likely requires properly
balancing intra-organisational environment management with supplier integration,
eco-design, and customer cooperation (Geng et al., 2017). So far no research has
identified the ideal balance of investment policies for reverse logistics to support the
electronic recycle system from the manufacturer’s perspective in the context of
developing nations.
This paper analyses the core decision regarding how to allocate funds to the
self-recycle system’s collection, refurbishment, and remanufacturing steps. The decision
regarding the percentage to invest in each step cannot only decide the contribution to
increase profits of this step but also affects the potential profitability of the other steps
owing to the complex interactions between firm G-SCM practices and customer
likelihood to choose a firm’s products, or the availability of funds for refurbish and
remanufacture. The paper presents a literature review summarising some relevant
research to creating a systems dynamics (SD) model of self-recycling processes and
practices, and then a conceptual framework of recycling systems is presented. The
decision model for the recycle system model is presented followed by the results and
analysis of the simulations’ implications. Lastly, conclusions are provided regarding
resource allocation into end-of-life self-recycle investment allocation.

2

Literature review

Previous research has provided alternative ways to conceptualise possible recycle system
design choices. The next subsections review relevant approaches to recycle system
design.
The structures required for a reverse supply chain based on remanufacture are more
related to network design, demand forecasting and planning, outsourcing and distribution
channel planning, eco-product development, and supplier selection at the strategic level
(Min and Zhou, 2002). The reasons for starting a reverse-logistics program can be
environmental, public opinion, or economic. A well-managed reverse logistics program
can bring enormous savings in inventory-carrying, transportation, and waste-disposal
costs. When designing a reverse logistics program, the manufacturer must consider other
operations which are bound to result in higher costs and missed opportunities for savings
and profits (Gooley, 1998).
The biggest question is whether to handle returns internally or externally with a
third-party logistics provider. Outsourcing can be an efficient, cost-effective means of
keeping the returned goods under control. It allows the manufacturer to focus on core
competencies and frees up people to work on products. However, outsourcing depends on
the effectiveness and efficiency of the third-party recycler, which is not a mature industry
for electronics in developing countries.

2.1 Product return process
Implementation of product return processes cannot only save inventory, transportation
and waste disposal cost, but could also improve customer loyalty and future sales. Yet,
strategic planning of a reverse supply chain network is a major challenge due to the
difficulty in actively managing returned products (Pochampally and Gupta, 2005).
Zerhouni et al. (2010) divided returned products into good products and new products.
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For good products, the product return flow is independent of the demand flow and the
optimal policy is of the base stock type. For new products, demand and returns are
strongly correlated and the optimal control problem is more complex. Ramanathan (2011)
identified three risk types: low risk, medium risk and high risk products. Data from online
customer ratings highlighted that handling product returns played an important role in
shaping customer loyalty for low risk products and for high risk products, but not for
products that exhibits medium levels of risk. Cannella et al. (2016) analysed the
relationship between several reverse logistics factors and order and inventory variance
amplification. They found that reducing remanufacturing lead time and increased
information transparency led to improved closed-loop supply chain performance. The
collection point coverage rate was introduced by Miao et al. (2017) to dynamically adjust
the e-waste recycling rate by third party recyclers in a closed-loop supply chain. The
model determined the sales rate and market share of various recycling modes and
compares the total revenue of the closed-loop supply chain configurations.
Returns are characterised by the uncertainty related to time and quantity because of
scarce and unreliable demand data. A graphical evaluation and review technique was
applied by Agrawal et al. (2014) to the development of a model for forecasting product
returns for mobile phones in India. The model predicts the volume and timing of product
returns and was validated through a case study with a leading mobile phone manufacturer
in India. While much of the research on product returns is focused on managing returns
and expected revenue, Kumar (2017) took a different approach and investigated the
consumer selling behaviour for mobile phones. She utilised a survey and the theory of
planned behaviour to understand consumer recycling intentions and then through an
interview process she developed a reverse supply chain design. Findings indicated that
consumer recycling behaviour was mediated by a ‘sense of duty’ and perceived control.

2.2 Mathematical programming models
Inefficient locations for production, distribution, and reverse logistics plants result in
excessive direct transportation and negatively impacted production costs, regardless of
transportation plans and information sharing policies (Bogataj et al., 2011). Due to the
large number of locations and costs associated with a reverse logistics channel a variety
of mathematical programming procedures have been developed to facilitate the design of
a reverse logistics network.
In order to minimise total costs including reverse logistics shipping cost and fixed
opening cost of the disassembly centres and processing centres, Lee and Dong (2008)
formulated a mathematical model of a remanufacturing system for a multi-stage,
multi-product system with some priority-based conditions for disassembly centres and
processing centres. Next, Lee and Dong (2009) proposed a two-stage stochastic
programming model for reverse logistics operations under uncertainty for computer
products. The first stage consists of building facilities at potential depots with the random
parameters with the second stage allocating product flows based on the established
network. Lee et al. (2010) extended this research stream of a sustainable logistics
network through the development of uncertainty models, such as integrating the sample
average approximation scheme with an importance sampling strategy using stochastic
programming.
Chaabane et al. (2010) developed a mixed-integer linear programming model that
included life cycle assessment principles in addition to the traditional material balance
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constraints at each node in the supply chain. They considered economic cost objectives
(location, supply and reverse) and environmental objectives. Their model suggested that
environmental legislation must be strengthened and harmonised at a global level in order
to drive a meaningful long-term sustainability strategy. Bouzon et al. (2016) used a fuzzy
Delphi method and analytical hierarchy process to identify and analyse reverse logistics
barriers in the Brazilian electrical-electro equipment industry. They found that economic
issues such as tax burden and an uncertain economy were major obstacles to the
implementation of reverse logistics. Governance and supply chain processes were the
second highest ranked category, while technology and infrastructure ranked third.
A mixed integer linear programming model was developed by Prakash et al. (2017) to
identify the variables needed for a closed-loop supply chain. Their results showed that it
is critical to identify and manage the risk at various points in the closed-loop supply
chain, and the cost to make the supply chain risk averse was insignificant. Though they
used an Indian hospital furniture company as a case study, they stated “the approach
followed and proposed methodology can be applied to many industries once a firm
decides to redesign its supply chain for closing its loop or model under risks” (p.1).
Prakash et al. (2020) investigated closed-loop supply chain design using robust
optimisation approach for a mixed integer programming formulation to model supply
risk, transportation risk and demand uncertainty. They applied their model to product
returns for an Indian e-commerce company and found that the integration treatment of
risk and uncertainty into the supply chain network design outperformed models that
incorporated risk and uncertainty post-ante.

2.3 Remanufacturing
In the remanufacturing process, parts are disassembled from recovered products and
become new products by combining with other recovered parts or new parts. Kim et al.
(2006) proposed a general framework in view of supply planning and developed a
mathematical model to optimise the supply planning function. The model determines the
quantity of production parts processed in the remanufacturing facilities by subcontractors
and the amount of parts purchased from the external suppliers while maximising the total
remanufacturing cost saving. Jaber and E1 Saadany (2009) assumed that demand for
manufactured items is different from that for remanufactured ones, which resulted in lost
sales situations due to stock-out periods for manufactured and remanufactured items.
El Saadany and Jaber (2011) considered that each unit of a used product is collected and
disassembled into reusable components, where these components are sorted into
subassemblies and remanufactured to represent a second source of as-good-as-new units
of the end-product. They concluded that not accounting for the disassembled components
of a product leads to inappropriate inventory decisions that are not environmentally
sound. Jaber and El Saadany (2011) extended their production, remanufacture, and waste
disposal model to incorporate learning for both production and remanufacturing
processes. Kenné et al. (2012) employed an optimal control theory model using stochastic
dynamic programming to deal with the production planning and control of a single
product involving combined manufacturing/remanufacturing operations and proposed a
policy to minimise the sum of the holding and backlog costs for manufacturing and
remanufacturing products.
Acquisition pricing of new or recycled components in a closed-loop supply chain
were investigated by He (2015). The author found that in a decentralised channel
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structure the optimal acquisition price is lower than in integrated recycle channel
structure, for both deterministic and stochastic demand cases. This causes a reduction in
both recycled quantity and remanufactured quantity, a double-marginalisation effect.
Reverse logistics disposition decisions for an Indian cell phone manufacturer were
studied by Agrawal et al. (2016). The authors considered five criteria for the disposition
decision (economic benefits, environmental benefits, corporate social responsibility,
stakeholder’s needs, and reverse logistics resources) and five disposition choices (reuse,
repair, remanufacturing, recycle, and disposal). They found repair to be the best
disposition selection, followed by reuse, if possible. Recycling was preferred over
remanufacturing, which was not cost-effective. Disposition decisions for returned
electrical and electronic equipment manufacturers in Malaysia were considered by Khor
et al. (2016). The authors found that higher levels of disposition performance were
attained when regulatory pressure is present. In addition, the recovery of valuable
components and remanufacturing were related to enhanced economic and environmental
benefits.

2.4 End-of-life products
In addition to reverse logistics networks that contains the number and location of thirdparty logistics service providers there are also models for the recycle of end-of-life
products. Meade and Sarkis (2002) offered a decision-making framework for selecting
and evaluating third-party reverse logistics providers that focused on end-of-life product
organisational roles that include recycling and reuse of materials. In a study of recycling
models for end-of-life electronics, Lee et al. (2009) discussed the logistics network
design for end-of-lease computer products recovery by developing a deterministic
programming model for systematically managing forward and reverse logistics flows.
Capraz et al. (2015) investigated the bidding process and operational strategies for a
recycling facility that purchases waste electrical and electronic equipment from a
municipal collector. Through a case study they analysed three processes: sell to other
recyclers; complete disassembly; and bulk recycling. Results showed that profitability of
the recycler can be increased when a combination of disassembly and bulk recycling is
used for certain items and that when price fluctuations for recovered materials are high
the recycler should submit as low of a bid as possible. Reduce, reuse and recycle for
household wastes including municipal solid waste, e-waste and vehicles in China were
studied by Liu et al. (2017). They concluded that legal frameworks for the circular
economy need to be promoted, and that investments should be made in technology
innovation and development, and in the construction of more waste treatment facilities.

2.5 System dynamics
A SD approach provides the ability to understand the network through the analysis of the
interactions between the various components of the integrated system. Strategic
decision-makers need comprehensive models to guide them in efficient decision-making
that increases the profitability of the entire chain. System dynamics is a good tool for
solving this kind of long-term decision making and it can be utilised to analyse and
comprehend the dynamic behaviour of supply chains. For the interested readers who wish
to know more about SD should see Sterman (2000).
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Using SD, Georgiadis and Vlachos (2004) studied the long-term behaviour of reverse
supply chains with product recovery under three ecological awareness influencers:
1

the firm’s green image effect on customer demand

2

the take back obligation imposed by legislation

3

government campaigns for proper disposal of used products.

Two years later, they developed another SD model for a single product with
remanufacturing activities in the reverse channel (Georgiadis et al., 2006). They analysed
capacity planning policies for collection and remanufacturing activities in the reverse
channel and assumed that demand may follow different patterns based on standard
lifecycle patterns (introduction, growth, maturity, and decline stages). This model was
extended to capacity planning of remanufacturing networks for two sequential
product-types under two alternative scenarios regarding the market preferences over the
product-types (Georgiadis and Athanasiou, 2010). In the first scenario the market is
considered showing no preferences and in the second scenario the demand for a
product-type can be satisfied only by providing units of the specific type.
Dasgupta et al. (2017) investigated the prediction of e-waste generation in India over
a planning period of 2012–2025, and the percentage of this waste through three disposal
methods: landfill, second-hand market and recycling. Their study determined that recycle
and reuse are more economically beneficial and that the percentage of e-waste sent to
landfills will decline over time. The boomerang effect of sale, consumption and return on
forecasting, collection, and inventory and production control were studied by Goltsos
et al. (2019) for a remanufacturing closed-loop supply chain. The purpose of their
research was to understand how different disciplines manage uncertainties in supply,
process, demand and control, and they identified multiple directions for future research.
A hybrid manufacturing/remanufacturing approach for a closed-loop supply chain was
taken by Ponte et al. (2020) who compared their model with a traditional open loop
system. They found that the performance of the hybrid model system was heavily
influenced by the average return yield and the intrinsic returns volume variability, hence
accurate returns forecasting is necessary to decrease system instability. Firms can also
engage in proactive communication of returns policy to encourage and control return
volumes.

3

Conceptual framework of recycle system

In reverse logistics systems design, the focus is on the decision of channels. In those
systems, the input variables are usually the forward and backward inventories of different
supply chain members such as manufacturers, retailers, collectors, processors and so on.
The anticipated output of those systems is minimised total cost. Figure 1 provides an
overview of how self-recycle systems and social-recycle systems relate in the overall
recycle system for end-of-life electronics.
Through self-collection, refurbishment, disposal and remanufacturing, the end-of-life
products can be converted into either re-usable products or useful parts and raw materials.
Due to the environmental issues such as take-back obligation imposed by legislation and
the green image effect on customer demand, manufacturers are willing to invest into the
self-recycle system, which includes three different steps including product collection,
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refurbishment and remanufacture. They must decide the percentage of investment in
different steps to maximum benefit and minimise costs. In fact, the investment in each
step cannot only decide the contribution to increase profits of this step but also affect the
potential increase on profits of other steps.
Figure 1

Recycle system for end-of-life electronics
G-SCM practices

Environmental partnership

Manufacture

Consumer

Collection

Refurbish

Remanufacture

Disposal

Cost pressure

Reuse

G-SCM pressures

Supplier

Cooperation with customer

Regulations

Virgin resource

Second-tier supplier

Eco-design

Self-recycle system

Social-recycle system

Waste

For example, when manufacturers invest a greater percentage of self-recycle money into
the market for the collection of used products, the customer may be encouraged to choose
the firm’s new products, which may lead to a larger market share and more profits from
sales. However, a greater percentage invested in collection means relatively less invested
on refurbishment and remanufacturing, which can make the reuse of collected products
less efficient and could eventually lead to another kind of waste. In order to minimise the
risk of this kind of situation, it is important make the relationships among different steps
of the self-recycle system clear.

3.1 Self-collection
Rapid technology development means fast production changes in the electronics industry.
What is high-tech today can be unwanted waste material tomorrow. With regulations
getting more stringent and public preferences shifting towards environmental
sustainability, manufacturers must be responsive to multiple considerations. The original
manufacturers can collect its used electronics at a central warehouse, sort and classify
them before refurbishing, remanufacturing, or recycling components. Some of them can
be refurbished and resold as new products (or as-good-as-new).

3.2 Refurbish and reuse
Depending on the condition and age of the products being returned, manufacturers can
then reuse a significant portion of the outdated returned products via the refurbishment
process. By testing hardware upgrades and software changes, old products can receive
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new functionality and extended life. The main intention of refurbishment is to convert
outdated products into useful ones that can be used in a new market.

3.3 Disposal and remanufacture
The collected electronics that cannot be reused by refurbishing can be removed from
remanufacture system to the social recycling system, which ensures that the collected
productions can be disposed in an environmentally responsible manner. Self-recycle
systems provide a complete offering from collecting, refurbishment and remanufacturing
any possible parts of end-of-life electronics. With this system, manufacturers can make
their operations sustainable and environmentally sound. Moreover, by using social
end-of-life recycle activities, manufacturers can achieve savings in time and money.

4

Methodology

4.1 SD decision model of self-recycle system
In the current model scenario, the relationships between the input (decision of how much
to invest in self-recycle) and the output (profitability of the self-recycle process) manifest
as a complex interplay that is impossible to solve the problem with mathematical
programming methods, and thus considered an NP-hard problem. System dynamics,
famously pioneered by Forrester (1958) and sometimes called industrial dynamics,
addresses problem solving in living eco-systems where organisations, people, and
machines interact, and does so by linking hard control theory with soft system theory
(Towill, 1996). SD represents a ‘systems thinking’ mindset that illuminates insights into
underlying causal relationships of complex, nonlinear system, generating knowledge that
is readily applicable to improving their operating effectiveness and efficiency (Towill,
1996). Since its inception in the 1950s, system dynamics has informed research and
practice in public policy, project management, environment research (most famously by
Meadows et al., 1972), and, of course, logistics and supply chains, most famously with
the ‘Beer Game’ (Sterman, 2000). SD modelling is appropriate for elucidating complex
systems characterised by nonlinear behaviour, especially when such systems exhibit
characteristics of stocks, flows, internal feedback loops, and time delays (Sterman, 2000).
Additionally, empirical research has found “...that system dynamics understanding can be
viewed as an articulable, method specific but otherwise generalizable form of expertise”
[Bendoly, (2014), p.1363].
In the proposed recycle system presented in Figure 1, the percentage of different
collection amounts is decided by the original manufacturer’s investments in selfcollection. In every period, all the profits of the self-recycling investment are added to the
next period of self-recycling. In addition, a fixed amount of funds is invested in the
process.

4.2 Problem description
Compared with third party collectors, the manufacturer and its retailers can participate in
end-of-life reproduction more easily. Furthermore, it can aid in the promotion of new
products for the manufacturer if they can encourage consumers to return previously
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purchased products. The collection effort toward returned products can positively affect
the sale of new products. However, manufacturers must find the most efficient method
for self-recycling. The percentage of investment in self-collection is the first decision to
be made and affects the other decisions such as refurbishment and remanufacturing.
Table 1

Table of parameters

α

Investment percentage of self-collection

πself-

Total profits of self-recycle system

πrf

Profits of refurbishment

πrm

Profits of remanufacture

Iself-

Total investment on self-recycle

Ic

Investment on self-collection

I0

Threshold of investment on self-collection

IArf

Investment available for refurbishment

IArm

Investment available for remanufacture

Crf

Cost of refurbishment

Crm

Cost of remanufacture

URrf

Unit profits of refurbished products

UCrf

Unit cost of refurbishment

UCvm

Unit cost of virgin parts supply

UCrm

Unit cost of reused parts supply

Qp

Quantity of end-of-life products

Qc

Quantity of self-collected products

Qrf

Quantity of refurbished products

Qrm

Quantity of reused parts supply

QArf

Quantity of products can be refurbished

QArm

Quantity of reusable parts

pc

Percentage of self-collection

pcmax

Maximum of percentage of self-collection

prf

Percentage of refurbishment

fc ( )

Quantity function of collected products

frf ( )

Quantity function of refurbished products

frm ( )

Quantity function of remanufactured products

fArf ( )

Quantity function of products can be refurbished

fArm ( )

Quantity function of reusable parts

The factors that can affect the decision of investment percentages of self-collection and
their related activities are described in Figure 2 (causal loop diagram of investments in
self-recycle). This is followed by Table 1 (table of parameters) that lists and defines the
model parameters. A discussion of the relationships among the variables follow in the
next section.
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4.3 Structural equation model
The total profit of self-recycle system is expressed as:
π self = π rf + πrm

(1)

Profits in equation (1) depend on the investment in self-collection, the investment in
refurbishment and the investment in remanufacturing. The following is a discussion of
the relationships between self-recycling profits and different investment decisions.
In Figure 2, the investment in collection Ic is
I c = I self ⋅ α

(2)

where α is the investment percentage of self-collection, Iself- is total investment on
self-recycling.
Quantity of self-collected products Qc is decided by the investment in self-collection
Ic and the quantity of end-of-life products Qp
Qc = f c ( I c , Q p )

(3)

The raw material and parts in our model have only two sources: virgin materials/parts and
reused materials/parts. The purchase costs of these materials/parts are all known.
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Remanufacturing based on reused materials and parts can reduce the cost of original
manufacturing based on virgin materials and parts, that is, UCrm < UCvm.
The profits of the sale of refurbished products are
π rf = URrf ⋅ Qrf

(4)

where the quantity of refurbished products Qrf is decided by the quantity of self-collected
products Qc and the investment available for refurbishment IArf
Qrf = f rf ( QArf , IArf ) = f rf ( f Arf ( Qc ) , IArf

)

(5)

Where investment available for refurbishment IArf is
IArf = I self − I c = (1 − α ) I self

(6)

As a result, the cost of refurbishment is
Crf = UCrf ⋅ Qrf

(7)

The profits of remanufacturing are
π rm = (UCvm − UCrm ) Qrm

(8)

where the quantity of reused parts Qrm is decided by the quantity of self-collected
products Qc, the quantity of refurbished products Qrf and the investment available for
remanufacturing IArm.
Qrm = f rm ( QArm , IArm ) = f rm ( Qc − Qrf , IArm )

(9)

The investment available for remanufacturing IArm is
IArm = IArf − Crf

(10)

From equation (6) and equation (10), we can see that when the percentage of investment
in self-collection α increased, both the investment available for refurbishment IArf and the
investment available for remanufacturing IArm will decrease.
From equation (4) and equation (8), we can see the profits of refurbishment and
remanufacturing depend on the available investments and the quantity of self-collected
products Qc, which is decided by investment in self-collection Ic and quantity of
end-of-life products Qp, see equation (3). Also, the profits of remanufacturing depend on
the quantities of refurbished products.
Furthermore, the values of the parameters in equation (4) and equation (8), such as
unit profits of refurbished production URrf, unit cost of virgin parts supply UCvm, and unit
cost of reused parts supply UCrm are not always constants may vary under varying
production conditions. And even under the same production condition, the unit cost or
profit may vary depend on the value of other parameters.
The aim is to get a best percentage of self-collection α to maximum the total
contribution to profits of self-recycling in equation (1). But as shown in equation (2) to
equation (10), the relationships are rather complex between the input α and the output
πself-. In another words, it is impossible to solve the problem with mathematical
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programming methods, and thus considered an NP-hard problem. Hence, we use SD
simulation modelling to evaluate the factors to find opportunities for increasing profits
instead of merely looking to minimise the cost of disposal.

4.4 Loops in simulation model
There are 12 casual loops for the investment of self-recycle Iself-in Figure 2. Six of them
are positive loops and six are negative loops. Using the parameters given in Table 1, the
relations among the variables can be described as following.

4.4.1 Simplest loops with refurbish/remanufacture
Loop 1 Iself- → (+)IArf → (+)Qrf → (+)πrf → (+)πself- → (+)IselfLoop 2 Iself- → (+)IArm → (+)Qrm → (+)πrm → (+)πself- → (+)IselfIn loop 1 and loop 2 of Figure 2, when the investment on self-recycle Iself- increased
according to equation (6) and equation (10), the available investments for both refurbish
and remanufacture will increase, which will lead to higher quantities of refurbished and
remanufactured products, as shown in equation (5) and equation (9). As a result, the
profits of refurbishment πrf and the profits of remanufacturing πrm will all increase, as
shown in equation (4) and equation (8), and then the total profits of self-recycle πself- will
increase, which will eventually increase the investment on self-recycle Iself- in the next
period.
These two loops describe the simplest relations between the total investments on selfrecycle Iself and profits of refurbish/remanufacture. According to loop 1 and loop 2, the
investment on self-recycle Iself- will keep on increasing, this kind of loops are called
positive loops. In the coming discussions, the ‘(+)’ for all the positive relations is
omitted.

4.4.2 Positive relations between refurbish/remanufacture and self-collection
Loop 3 Iself- → Ic → Qc → QArf → Qrf → πrf → πself- → IselfLoop 4 Iself- → Ic → Qc → QArm → Qrm → πrm → πself- → IselfIn loop 3 and loop 4 of Figure 2, when the investments on self-recycle Iself- increased, the
investments on self-collection Ic increase. Therefore, the quantities of collected
end-of-life products increase, and then the products that can be refurbished QArf and
remanufactured QArm increase, which leads to higher refurbished products Qrf and higher
remanufactured products Qrm. As a result, the profits of refurbishment πrf and
remanufacturing πrm increase. According to equation (1), the total profits of self-recycle
system πself- and investment on self-recycle Iself- increase.
The relations between the above various are all positive, therefore, to the investments
in self-recycle Iself-, loop 3 and loop 4 are also positive loops.
Next, we describe two negative loops between IArf and Ic, IArm and Ic, where there is
only one negative relation.
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4.4.3 Negative relations between refurbish/remanufacture and self-collection
Loop 5 Iself- → Ic → (-)IArf → Qrf → πrf → πself- → IselfLoop 6 Iself- → Ic → (-)IArm → Qrm → πrm → πself- → IselfThe negative relation in loop 5 is between the investments in self-collection Ic and the
available investments in refurbishment IArf. That is, when the investments in
self-collection Ic increased, as shown in equation (6), the available investments on
refurbishment IArf decrease, which leads to the decrease of total profits of self-recycle
system πself-.
According to equation (10), when the investments on self-collection Ic increased, the
available investments on refurbishment IArf decrease. This is the only one negative
relation in loop 6, between the investments on self-collection Ic and the available
investments on remanufacturing IArm, which makes loop 6 as a negative loop.
In another words, if we introduce Ic to the simplest loop 1 and loop 2 in Section 4.3.1,
we can get negative loop 5 and loop 6. The negative loops stop the investments on
self-recycle from increasing.

4.4.4 Negative relations between refurbish and remanufacture
Loop 7 Iself- → IArf → Qrf → (-)QArm → Qrm → πrm → πself- → IselfIn loop 7 of Figure 2, more investments on self-recycle Iself- mean more refurbished
products, as analysed in loop 1. However, according to equation (9), the more refurbished
products, the fewer reusable components available for remanufacturing, which reduces
profits of remanufacturing πrm, which eventually leads to decrease of new investments on
self-recycle Iself-.
We have another negative loop between refurbish and remanufacture:
Loop 8 Iself- → IArf → Qrf → Crf → (-)IArm → Qrm → πrm → πself- → IselfIn loop 8, more investments on self-recycle Iself- mean more refurbished products; more
refurbished products mean higher cost of refurbishment, according to equation (7); higher
cost of refurbishment lead to less available investments on remanufacturing [see equation
(10)]; less available investments on remanufacturing leads to less remanufactured
products [referring back to equation (9)], which eventually leads to decrease of new
investments on self-recycle Iself-.

4.4.5 Negative relations among refurbishment, remanufacturing and selfcollection
Considering the positive relation between refurbishment and self-collection in loop 3 and
negative relations between refurbishment and remanufacturing in loop 7 and loop 8, the
negative relationship exists among refurbishment, remanufacturing and self-collection,
shown in loop 9 and loop 10.
Loop 9

Iself- → Ic → Qc → QArf → Qrf → (-)QArm → Qrm → πrm → πself- → Iself-

Loop 10 Iself- → Ic → Qc → QArf → Qrf → Crf → (-)IArm → Qrm → πrm → πself- → IselfConsidering the negative relationship between refurbishment and self-collection in
loop 5 and negative relationship between refurbishment and remanufacturing in loop 7
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and loop 8, a positive relationship exists among refurbishment, remanufacturing and
self-collection, shown in loop 11 and loop 12.
Loop 11 Iself- → Ic → (-)IArf → Qrf → (-)QArm → Qrm → πrm → πself- → IselfLoop 12 Iself- → Ic → (-)IArf → Qrf → Crf → (-)IArm → Qrm → πrm → πself- → IselfAs shown before, loops 1, 2, 3, and 4 are all simple positive loops because there is no
negative relation between any two variables. Loop 11 and loop 12, with two negative
relations in each loop, are positive loops but different from the former four simple loops.
Loop 5 to loop 10 contains six simple negative loops with only one negative relation.
As demonstrated in the equations from the simulations, the decision of self-collection
is rather important. That is, when the percentage of investments on collection α is
decided, not only the investments on self-collection are determined, but also the collected
products and the available investment on refurbishment/remanufacturing are determined.
Although the balance between refurbishment and remanufacturing can change based on
the proportion between investments on refurbish and remanufacture, this kind of
adjustment is limited by available investment on refurbishment/remanufacturing
infrastructure.

5

Findings

The purpose of this SD model was to get a best allocation of self-recycling funds between
self-collection and refurbishment/remanufacturing in order to maximise the profits of
self-recycling. This was done by varying α which was defined as the percentage allocated
to collection by the manufacturer, with 1 – α being the amount allocated to refurbishment
and remanufacturing. A summary of the findings follows.

5.1 Original function settings
Basic functions are set in Table 2.
Table 2

Table of original functions

Qc = fc(Ic, Qp) = pc ∙ Qp
pc = IF I c < I 0 THEN

Ic
⋅ pc max , ELSE pc max
I0


IArf
Qrf = f rf f Arf ( Qc ) , IArf = min  QArf ,
UCrf


(

)





QArf = fArf(Qc) = prf ∙ Qc

IA 

Qrm = f rm ( Qc − Qrf , IArm ) = min  Qc − Qrf , rm 
UC
rm 


Based on the functions given in Table 2, the stock and flow diagram of self-recycling
system is shown in Figure 3.
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Figure 3

Stock and flow diagram of self-recycling system
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5.2 Simulations of G-SCM pressures and influences
The following sections present the results from our simulation of these pressures and
influences. Original parameters are given in Table 3.
Table 3

Parameters

Basic parameters
Original value (Unit: Dollar)

URrf

10

UCrf

100

UCvm

205

UCrm

200

Iself-

100,000

I0

200,000

Qp

10,000 (unit: piece)

pc max

60%

prf

20%
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In order to depict real-world scenarios and to show the variation in the contribution to
profits for different levels of regulation, we use three different collection policies in our
model: α1 = 35%, α2 = 50%, α3 = 70%. The simulation results are given and discussed as
following.

5.3 Considering the total profits of self-recycling
Unsurprisingly, Figure 4 shows that when the self-recycling investment percentage
allocated to self-collection is the highest (α3 = 70% allocated to collection by the
manufacturer, the remaining 30% of self-recycling investment divided between
refurbishment by the manufacturer and remanufacture of components by suppliers), the
total profits of self-recycling system are the lowest (see line 3 in Figure 4). Focusing
heavily on self-collection brings in more product than can be refurbished or
remanufactured. The limited funds not obligated to self-collection almost entirely go into
refurbishment, with almost no remanufacturing of parts occurring. The number of
end-of-life products collected is high, but the profits from refurbishment remain low due
to the overall low availability of funds for investment in refurbishment. In this scenario,
low profits from refurbishment and remanufacturing leave the profit of self-recycling
program as a whole sub-optimised, and the self-recycling program diverts a lot of end-oflife product to social recycling.
Interestingly, when self-recycle investment is evenly split (α2 = 50%) between
self-collection and refurbishment/remanufacture, profit is highest for most of the
simulation. This shifts late in the simulation as the scenario with the lowest investment in
self-recycling (α1 = 35%) gains greater profits than the α2 = 50% scenario beginning in
the 52nd month (see line 1 and line 2 in Figure 4).
Figure 4

Profits of self-recycling system

Profits of self-recycle: 35%
Profits of self-recycle: 50%
Profits of self-recycle: 70%

This counter-intuitive finding that the lowest investment in self-recycling returns the
overall greatest profitability results from the complex feedback interactions that manifest
after the decision of how much to invest in self-collection. When α1 = 35% the
investment available for refurbishment (IArf) is highest but the reduced investment in selfcollection leads to the lowest quantity of products that can be refurbished (QArf), with
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concomitant reductions to profits (see Figure 5). At the same time, the investments
dedicated to refurbishment diminish investments available for remanufacture (IArm) but
the products that can be remanufactured (QArm) is highest, which leads to the highest
remanufacture rate (see Figure 6).
Figure 5
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In summary, allocating less to self-collection brings in less product while increasing
capacity for the profit-generating activities of refurbishing and remanufacturing. The
power of refurbishing and remanufacturing to generate profits for a self-recycling
program suggests that designing products with refurbishment and remanufacturing in
mind should be effective at making self-collection economically self-sustaining.

5.4 Considering the efficiency of self-recycling
End-of-life products can be collected by two channels: original manufacturer and thirdparty collectors. Third party collectors’ knowledge about the products is less than that of
original manufacturers, and many developing countries do not have advanced third-party
logistics industries, often depending on informal e-waste recyclers with underdeveloped
capabilities (Zhu et al., 2013; Chi et al., 2011; Yu et al., 2010). As a result, third party
collectors may not be the preferred source for returned products. However, since
collecting end-of-life products is rather costly for the original manufacturers, the
investment on self-collection is not the best choice for all scenarios. Therefore, it is
valuable to work out a standard to encourage manufacturers to apply recycling and
remanufacturing. The efficiency of self-collection is the sum of all refurbished and
remanufactured products divided by the total number of end-of-life products, (Qrf + Qrm) /
QP.
The main results of self-recycling are given in Figure 7 and Figure 8.
Figure 7
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Comparing line 1 in Figure 7 and Figure 8 confirms the link between profitability and
efficiency. When the percentage of the investment on self-collecting of used products is
high, medium, and low, the amounts of collected products are low, medium, and large,
respectively (see in Figure 7). As shown in Figure 8, the efficiencies of self-collection
under policies α1 = 35% and α2 = 50% are higher than policy α3 = 70%. More investment
in self-collection can help a manufacturer collect more used products, but it may not
necessarily use all these collected products and/or their components, resulting in a
stockpile of excess inventory disposed of via social recycling and generating no profit.

22
Figure 8

P.M. Reyes et al.
Efficiency of self-recycling: (Qrf + Qrm) / QP
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5.5 Simulations of G-SCM practices
As shown in Table 2, in the basic simulations, the unit costs of self-collection
refurbishment and remanufacturing are all assumed to be constant. As a result, the
relationship between costs and quantities is illustrated by line1 in Figure 9.
According to the recycle system for end-of-life electronics as shown in Figure 1, there
are many G-SCM pressures, such as cost pressure and regulations, that can lead to
G-SCM practices. The relationships between total cost and quantities are not as simple as
line 1. For example, the unit costs of self-collection increase sharply when the quantity of
self-collected products is increased, which is illustrated by line 2. Conversely, the unit
costs of refurbishment/remanufacture decrease sharply when the quantities of
refurbishment/remanufacture increased, as illustrated by line 3. These lines describe the
main elements of G-SCM practices in this model – environmental partnership and ecodesign – and the relationships between these G-SCM practices and total profits and
efficiency of the self-recycling system are discussed subsequently.
Figure 9

Different relations between total cost and quantity
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5.6 Effect of environmental partnership
Forming environmental partnerships with suppliers is an important supply chain strategy
for manufacturers to improve the efficiency of remanufacturing. As seen in equation (8),
the costs of refurbishment and remanufacturing are very important for the decision of
self-recycling. Only when the unit cost of reused parts and materials is much lower than
that of virgin parts and materials is remanufacturing worthwhile. The unit cost of virgin
parts supply (UCvm) and the unit cost of reused parts supply (UCrm) often vary under
different production conditions. The unit cost of remanufacture is assumed to decrease
and the relation between total costs and quantities of remanufacturing are described as
line 3 in Figure 9. The efficiency of an environmental partnership is given in Figure 10
and Figure 11.
Figure 10

Profits of self-recycling system with environmental partnership
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Figure 11

Efficiency of self-recycling system with environmental partnership

0

6

12

18

24
30
36
Time (months)

Profits of self-recycle: 35%, UCrm=low
Profits of self-recycle: 35%
Profits of self-recycle: 70%, UCrm=low
Profits of self-recycle: 70%

42

48

54

60

24

P.M. Reyes et al.

Comparing line 1 and line 2 in Figure 10, in the best basic policy scenario (α1 = 35%),
the profits of a self-recycling system with an environmental partnership (line 1) is higher
than the basic condition (line 2). This is because if the manufacturer has a good working
relationship with its suppliers, the unit cost of remanufacturing decreases when the
quantities of reusable materials and parts increase. The percentage of remanufactured
products increases, which eventually leads to higher efficiency of self-recycling (see line
1 and line 2 in Figure 11). On the other hand, in the lowest profit, least efficient policy
scenario (α3 = 70%), there are no improvements on total profits or efficiency with an
environmental partnership (see line 3 and line 4 in Figure 10 and Figure 11). In this
scenario, the amount of product collected far exceeds the supply chain capacity to
refurbish or remanufacture, underscoring the need for the manufacturer to invest adequate
resources to remanufacturing and possibly illuminating why some environmental
partnerships fail.

5.7 Effect of eco-design
In addition to total costs and quantities of refurbishment shown as line 3 in Figure 9, the
refurbishment level is also decided by the level of eco-design. Eco-design includes design
of products for reduced consumption of material/energy or for reuse, recycling, and
recovery of material and component parts. Eco-design can directly reduce the unit cost of
refurbishment and remanufacturing, which can eventually increase the profits and
efficiency of refurbishment, no matter whether the investment on self-collection is low or
high (as shown in Figure 12 and Figure 13).
Figure 12
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Efficiency of self- recycling system with eco-design

0

6

12

18

24
30
36
Time (months)

42

48

54

60

Profits of self-recycle: 35%, UCrf=low
Profits of self-recycle: 35%
Profits of self-recycle: 70%, UCrf=low
Profits of self-recycle: 70%

6

Conclusions

In this paper, self-recycling of end-of-life products by original manufacturers was
analysed using simulations. Results offered here can help decision makers understand
trade-offs they face as they decide how to best process end-of-life products (refurbish,
remanufacture, or recycle) in developing countries The simulations were based on three
different investment percentage collection/remanufacture policies for end-of-life
products. The highest profits based on the simulations were seen to be at the low end of
investment (35%). In examining efficiency of in self-recycling, the 35% and 50% policies
resulted in better efficiencies partially since when too much investment is made in
collecting end-of-life products, not all the product collected can be processed through the
profit-generating activities of refurbishment and remanufacturing. When suppliers and
manufacturers cooperate the unit cost of remanufacturing decreases when the quantities
of reusable materials and parts increase. The simulations with a 35% policy perform the
best under these circumstances. Eco-design is another factor that can reduce unit costs
and the simulations show that profits increase at any level of policy, suggesting that
designing products with refurbishment and remanufacture in mind should be an important
strategic imperative, especially as G-SCM regulations become more pervasive in
developing countries. It appears that the right product design priorities can return strong
profits with minimal investment in recycling.
In summary, the results suggest that original manufacturers in developing countries
lacking sophisticated third-party logistics or advanced recycling industries experience
better profit results from collection policies that emphasise developing refurbishment and
remanufacturing capabilities over self-collection. Eco-design bolsters profitability and
efficiency of self-recycling systems under all conditions, whereas supplier partnership for
environmental design only improves outcomes when the original manufacturer invests in
its refurbishment and remanufacturing capabilities.
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6.1 Limitations and future research
SD models provide rich insights and understanding of a plurality of hierarchical and
dynamic inter-relationships between variables, factors, actors, policies, and other
components of a system, yet they are often criticised for precisely this strength. Unlike
more deterministic approaches such as regression, surveys, and optimisation models, SD
models cannot provide reductionist, prescriptive results often sought by both practitioners
and academic researchers. As such, SD is suitable for exploring policies and strategies
(such as the efficacy of information sharing in The Beer Game) but cannot provide
precise numerical precision.
Future research should seek to confirm empirically the findings of this SD model.
Some research has already found a strong impact from product eco-design yet few studies
explore the impacts across the supply chain, and even fewer do so in developing
countries. Researchers should also explore the finding that supplier partnership for
environmental design only improves outcomes when the original manufacturer invests in
its refurbishment and remanufacturing capabilities in order to determine which
capabilities and which partnership policies make the biggest impacts. Lastly, it would be
interesting to assess more exactly the relative importance of product eco-design versus
supplier partnerships under different circumstances. For example, open source designs
and use of 3D printing may improve the impact of supplier relationships relative to
eco-design.
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